The citrate utilization determinant from transposon Tn3411 has been cloned and sequenced, and its polypeptide products have been characterized in minicell experiments. The nucleotide sequence was determined for a 2,047-base-pair Bglll restriction endonu,clease fragment that includes the citrate determinant. This region contains an open reading frame that would encode a 431-amino-acid very hydrophobic polypeptide and which is preceded by a reasonable ribosomal binding site. However, the single polypeptide found in minicell experiments had an apparent molecular weight of 35,000 on sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Escherichia coli is unable to utilize citrate as a sole source of carbon and energy. H'owever, the presence of a citrate utilization (Cit+) plasmid allows E. coli to utilize citrate as a carbon source. The Cit plasmids were first found in naturally occurring Cit+ E. coli variants (11, 12) and in Salmonella species (9, 21) isolated from human and animal sources. Additional Cit plasmids have been isolated from Citrobacter freundii (23) and Klebsiella pneumoniae (22) .
Cit plasmids encode a citrate transport system which is different from that of Salmonella strains with regard to the utilizqtion pattern for tricarboxylic acids (9, 10, 18) and the lack of a chemotactic response to citrate (14) . Hall (6) isolated a Cit+ E. coli K-12 mutant that resulted from spontaneous chromosomal mutations (citA and citB). Both the chromosomal and the plasmid-encoded citrate transport systems in E. coli are H+ dependent and semiconstitutive, but they differ with respect to substrate specificity (18) .
In a recent report (7) , we showed that a plasmid-mediated Cit+ determinant encoded a membrane-associated polypeptide with an apparent molecular weight of 35,000, as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Since an understanding of the structure of the Cit+ determinant might lead to understanding of its function as a transport system, we have determined the nucleotide sequence of the cit system in the citrate utilization' transposon Tn3411. The Tn3411-coded cit determinant appears to have a single polypeptide of 431 amino acid residues.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli K-12 derivative SG11 (recA and riframpin-resistant mutant of C600, thr leu thi lac) was used as the host for plasmids (13) . Minicell-producing E. coli M2141 (pro thi lac minA minB) (7) was used for analysis of plasmid-encoded polypeptides. The plasmids used in this study are listed in Table 1 . Plasmid pUC18 wias used as a cloning vehicle for DNA sequence analysis (17) .
Media and antibiotics. L broth and L agar were used for routine bacterial growth. The selective medium-used for citrate utilization was Simmons citrate agar (Eiken) supplemented with appropriate nutritional requirements (13) . Antibiotics were used at 50 ,ug/ml for ampicillin, 50 p.g/ml for k'anamycin, and 12.5 ,ug/ml for tetracycline.
Isolation of plasmid DNA and transformation. Plasmid DNA preparation was carried out by the method of Holmes and Quigley (8) . Preparation, isolation, and purification of larger amounts'of plasmid DNA have been described (13 
RESULTS
We previously reported from cloning experiments that the minimal length of DNA needed for expression of the Cit+ phenotype from naturally occurring Cit plasmid pOH30221 was a 1.6-kilobase (kb) BamHI-BglII fragment (7) . Since the plasmid-mediated Cit+ determinant (BamHI-BglII fragment) derived from the plasmid pOH3001 (with transposon Tn3411) was homologous in Southern hybridization experiments to that of pOH30221 (unpublished data), the Cit+ transposon Tn3411 isolated from plasmid pOH3001 was used in this study of the structure of the Cit+ determinant at the nucleotide sequence level.
Cloning of Cit+ determinant and its coding polypeptide. The physical structures of plasmids pOH11, pOH13, and pOH17 constructed in the previous study are shown in Fig.  1 . Plasmid pOH13 was constructed by the transposition of Tn3411 (7.4 kb) to pOH11. The bla gene in pOH13 was inactivated by insertion of the transposon. To examine whether the 2-kb BglII fragment of Tn3411 contained the entire cit determinant with its own promoter, we constructed two plasmids. The Cit-deletion plasmid pOH17 was obtained by replacement of the 2.0-kb BglII DNA fragment with 2.7-kb fragment containing the tet gene of TnOO (1). Cit+ plasmid pOH20 was generated by insertion of the 2.0-kb BglII DNA fragment from Tn3411 into the BglII site in pOH11 ( Fig. 1) . The Cit+ phenotype of the Cit+ determinant was expressed regardless of the orientation of the cloned BglII fragment in pOH11, indicating that the 2.0-kb BglII fragment in Tn3411 encoded the Cit+ determinant with its own promoter.
To determine the gene product of the Cit+ determinant, E. coli minicells harboring different plasmids were examined for synthesis of polypeptides. The polypeptides synthesized in the minicells were subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis (Fig. 2) . The synthesis of a polypeptide with a molecular weight of 35,000 was apparent when the minicells harboring pOH13 were used. This 35,000-molecular-weight polypeptide was size to the membrane-associated polypeptide produced by pOH30221 in the previous study (7) and slightly smaller than the TetA protein (36,000 molecular weight [1] ) (compare results with pOH13 and pOH17 in Fig. 2) . A polypeptide with a molecular weight smaller than 12,000 was also observed in the tracks of pOH13 (a faint band) and pOH17, as indicated by an arrow in Fig. 2 . However, this smaller polypeptide appeared to be a gene product of IS3411, and the interpretation of this polypeptide will be reported elsewhere.
Deletion analysis for Cit+ determinant. Plasmid pOH2 containing Tn3411 inserted into pBR322 (Fig. 3 ) was used. The 2.0-kb BglII fragment and the 1.6-kb BamHI-BglII fragment were cloned into the BamHI site in the polylinker region of pUC18, and the resulting plasmids were designated as pOH42 and pOH43, respectively (Table 1) . Their Cit+ phenotype was expressed regardless of the orientation of the cloned fragments on pUC18, suggesting that the functional Cit+ determinant is entirely contained in the 1.6-kb BamHIBglII fragment of Tn3411.
The BamHI-BglII DNA insert in plasmid pOH43 was subjected to digestion with Bal 31 nuclease from both the BamHI and the BglII sites. Since the BgIII restriction nuclease site was eliminated during the insertion of the BamHI-BglII cit fragment into pUC18 to construct plasmid pOH43, we opened plasmid pOH43 at the EcoRI site in the pUC18 sequence and digested with Bal 31 from that point across the pUC18-cit boundary into the cit sequence to create deletions with the cit sequence from the right end (Fig. 3) . After Bal 31 digestion, the DNA was cut with BamHI, and the shortened fragment was recloned into pUC18 which had been cut with BamHI and Hincll (17) . The blunt-ended Bal 31-cut end of the fragment ligated to the blunt-ended HincII site, and the sticky-ended BamHI ends ligated reforming a BamHI site. To create deletions from the left end, pOH43 was opened with BamHI and then treated with Bal 31 to create the deletions shown in Fig. 3 digestion with EcoRI and agarose gel electrophoresis, those fragments were extracted from agarose gels and ligated into pUC18 that had been cleaved with EcoRI and HincIl (17) . Eight plasmids carrying the indicated deletions from the right in Fig. 3 (Fig. 3) . None of the clones with the seven recombinant plasmids with deletions from the left and in Fig. 3 expressed the Cit+ phenotype (Fig. 3) . From this deletion analysis, the functional Cit+ determinant in Tn3411 seems to occupy almost the full region between the BamHI and BglII nuclease sites. Nucleotide sequence of Cit+ determinant. Figure 3 also shows the sequencing strategy for approximately 2,000 nucleotides between two BglII restriction sites in Tn3411. The recombinant plasmids obtained from the deletion experiments were used for DNA sequencing analysis by the Maxam and Gilbert (16) method. Suitable restriction sites in the external polylinker regions of pUC18 were labeled with x-32P-deoxynucleotide triphosphate and the Klenow DNA polymerase fragment and used for chemical degradation method. The nucleotide sequence in the region (450 bp) between the BamHI and BglII sites recognition sites was determined on both strands from the BamHI or BglII sites.
The nucleotide sequence is shown in Fig. 4 . The complete DNA sequence of BglIl fragment is 2,047 bp long. The positions of ends of Bal 31-digested DNA fragments cloned into pUC18 (Fig. 3) were established from the sequencing. The recognition sites of nucleases BamHI, SmaI, and HincII were found in the DNA sequence (Fig. 4) .
Open reading frame of the Cit+ determinant. The 2,047-bp sequence of the BglII-BglII fragment included a long open reading frame from an ATG start codon at position 654 to a TGA stop codon at position 1,949 (Fig. 4) . The length of the open reading frame determined from the sequence is consis-tent with the results of the deletion experiments. This open reading frame is preceded by a possible ribosomal binding site (indicated as SD [Shine-Dalgarno] in Fig. 4 ), which is a sequence complementary to the terminal sequence of E. coli 16S RNA (20) . A sequence CATAAT in Fig. 4 , similar to the -10 region consensus sequence for procaryotic transcriptional promoters, was found, but a typical -35 region was not found in the preceding DNA region. A possible termination sequence for RNA transcription following the end of the open reading frame is indicated by the arrows in Fig. 4 . The mRNA sequence for RNA transcription following the end of the open reading frame is indicated by the arrows in Fig. 4 . The mRNA sequence in this region could possibly form a hairpin structure with a 6-bp terminal loop and an imperfectly matched stem of 10 bp (Fig. 4B) . The amino acid sequence predicted from DNA sequence is shown in Fig. 4 Fig. 4 . Their nucleotide sequence in this region was almost identical to that in Fig. 4 , indicating that the Cit+ transposon, Tn3411, may encode an additional reading frame consisting of 379 amino acids. We cannot be sure whether the polypeptide band observed in polyacrylamide gel electrophoresis of minicell proteins with plasmid pOH13 (Fig. 2) corresponds to the 431 amino acids shown in Fig. 4 or to the 379-aminoacid polypeptides reported by Sasatsu et al. (19) to be encoded by a preceding open reading frame. The 379-aminoacid product is not needed for the Cit+ phenotype. Therefore, it is not clear whether this open reading frame is actually expressed in cells; perhaps the product of this open reading frame affects the regulation of cit system. We have shown that the 2,047-bp BglII fragment from Tn3411 which contains the cit determinant has a single open reading frame that would encode a polypeptide with a molecular weight of 47,073. The lower estimation of 35,000 daltons from sodium dodecyl sulfate-polyacrylamide gel electrophoresis was exactly the same as that for the polypeptide synthesized in the minicells harboring a different Cit+ determinant reported in a previous paper (7) . Since the cit determinant (1.6-kb BamHI-BglII fragment) from Tn3411 is homologous in Southern blotting experiments to that from pOH30221 (unpublished data), the two systems must contain closely related structural genes. It was shown in minicell experiments (7) that the 35,000-dalton polypeptide of the cit determinant is a membrane protein and does not have a proteolytically removed signal amino acid sequence.
The difference between the molecular weight predicted from the DNA sequence (47,073) and the apparent molecular weight (35,000) of the cit product on acrylamide gels is puzzling. A similar large difference in apparent molecular weight was found for another membrane protein, the lacY permease (2) . The lacY permease protein has a molecular weight of 46,500 from the DNA sequence, but it was estimated as 29,000 to 30,000 molecular weight by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (2, 4) . Therefore, a more rapid migration in sodium dodecyl sulfate gels than predicted from size may be a feature of integral membrane proteins. Ehring et al. (4) reported that the behavior of lacY permease in sodium dodecyl sulfatepolyacrylamide gels could be attributed to an increased binding of sodium dodecyl sulfate, owing to its high hydrophobicity. The 
